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Abstract 
A reliable fabrication process for passive, monolithic microstructures is described. It is shown that by using pressure 
as a variable during physical vapour deposition (PVD), the stress in the deposited films can be controlled. A built-in 
stress gradient obtained by depositing the structural layer at different pressures results in a relatively predictable out-
of-plane deflection of the structure after release. Sacrificial aluminum underneath molybdenum structures was found 
to be the most reliable combination of materials. Thermal stress fracturing at the hinges of the cantilever structures 
was reduced by altering the deposition process. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Micromachined cantilever structures find many applications in microelectromechanical systems 
(MEMS) and the fabrication of these structures always follows roughly the same pattern. However, small 
differences in their exact specification such as size, shape or materials used can introduce unforeseen 
difficulties. The purpose of the structures described in this article is to serve as passive valves that regulate 
the flow in a microchannel by their spring stiffness and with an initial out-of-plane deflection. 
A first section of this text describes the production process and the optimization thereof to obtain 
freestanding cantilevers. Whereas typical out-of-plane structures rely on a bilayer to induce bending [1], 
here, only one metal was used to create the device layer. Although molybdenum has not been exploited a 
lot in MEM-devices [2], we found it to be very suitable for this application. This is mainly because of its 
excellent adhesion to Pyrex and its chemical resistivity toward the sacrificial layer etchant.  
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The second section describes how stress in the structures can be measured and controlled to produce a 
specific cantilever tip deflection. Controllability of stress in materials has been investigated before [3, 4], 
but since the stress also depends on the used substrate, film thickness and RF power, these specific data 
had to be sorted out. 
2. Process flow optimization 
2.1. Materials selection 
The first step is the cleaning of a three inch Pyrex substrate in a Piranha mixture (H2SO4:H2O2 [3:1]). 
After rinsing and drying, the substrate is coated with a thin layer of sacrificial material. After photoresist 
patterning, openings are etched into the sacrificial layer to define the positions where the valves, simple 
rectangular cantilevers, are anchored to the substrate. Square anchors with 60 or 90 Pm sides were 
fabricated. Following the resist removal, the structural layer can now be deposited. This layer can then be 
patterned as well to define the cantilevers. Beam lengths were 300 and 600 Pm. Table 1 shows a summary 
of the materials that were combined in the first (unsuccessful) attempts at producing the valves. 
Table 1. Incompatible materials and reason for failure 
Using a polymeric sacrificial layer leads to cracks in the structural metal layer because of the high 
temperature during sputter deposition. When only metals were used, the main destructive effect was 
galvanic corrosion. A metal etchant which was expected to be highly selective towards one material, 
preferentially etched away the other material instead. This effect was observed while etching the 
structural layer in some cases and during sacrificial layer removal in other cases.  
Eventually, a sacrificial layer of aluminum (circa 225 nm) combined with a structural layer of 
molybdenum (circa 1400 nm) showed the best results. Both metals are etched in a phosphoric acid 
mixture, but since molybdenum is etched much faster at room temperature, this was no issue. The 
aluminum was removed using a hydrochloric acid solution without affecting the molybdenum. 
2.2. Fracturing under thermal stress 
During the first release process, most of the molybdenum structures broke at the hinge (the region 
between anchored and freestanding part). Investigation of this phenomenon showed that high-temperature 
steps in the processing were at the basis. Thermal stress arising from the large difference in thermal 
expansion coefficients of molybdenum (4.8 Pm.m-1.K-1) and aluminum (23.1 Pm.m-1.K-1) causes fractures 
in the molybdenum during cooling after the deposition. These cracks, shown in Fig. 1, can cause the 
freestanding part to detach from the anchor during the release. Increasing the RF power from 100 W to 
200 W clearly restricts fracturing. The deposition process is three times shorter and substrate heating is 
limited. Propagation of the cracks can be prevented further by allowing sufficient cooling time to avoid 
Sacrificial material Structural material Result 
Polymer Metal Cracks 
Aluminum Chromium Cr delaminates 
Chromium Aluminum Cr etch attacks Al 
Chromium Molybdenum Cr etch attacks Mo 
Copper Chromium Cr etch attacks Cu 
Copper Aluminum Al etch attacks Cu 
Molybdenum Aluminum Mo etch attacks Al 
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thermal shock. Although cracking was not completely avoided, the cantilevers were released successfully.  
Fig. 1. Fracture in unreleased structures: through entire hinge after 100 W PVD (left) and limited in size after 200 W PVD (right). 
3. Stress-induced shaping 
3.1. Determining stress in a thin film 
The stress present in sputtered thin films can be determined from in situ mechanical measurements [5] 
and Stoney’s equation (1). Using the initial bow h1 measured over a distance C on a substrate with 
thickness ts, Young modulus E and Poisson ratio Q, the stress V in a thin metal film of thickness tf can be 
calculated from the bow after deposition h2. For Pyrex, E is 64 GPa and Q is
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Fig. 2 shows the results for molybdenum films sputtered on a Pyrex substrate at different pressures. 
The negative sign indicates a compressive stress. It is clear that the stress in the film can be controlled 
using the argon pressure as a parameter during sputtering. It should however be noted that the stress is 
also a function of the RF power and film thickness. 
Fig. 2. Stress in 400 nm films deposited at 100 W (red circles) and 700 nm films deposited at 200 W (blue squares). 
3.2. Out-of-plane deflection of microstructures 
When two layers of the same material are sputtered on top of each other in equally thick layers, but at 
different pressure, the stress difference Vm will cause the structures to deflect after release. The radius of 
curvature k can be deducted from the equations in [6]. In (2), t is the total thickness of the structure. 
Young’s modulus for sputtered molybdenum is 230±15 GPa. This value, determined via nanoindentation, 
is significantly lower than that of bulk molybdenum. The length L of the structure (total length minus 
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anchor length) can then complete equation (3) to calculate the deflection G.
3 2mk EtV       (2) 
> @1 cos( )kL kG         (3) 
Fig. 3 shows some released valves under a 32° angle. Molybdenum was sputtered at 200 W in two 
700 nm layers: the bottom layer at 6.1 Pbar and the top layer at 8 Pbar for a theoretical Vm around 
135 MPa (see Fig. 2). For valves of 240, 510 and 540 Pm, the theoretical deflections according to (2) and 
(3) are 18, 81 and 91 Pm respectively. The actual deflections are slightly higher (up to 30%), probably 
due to heating effects during sputtering and interactions with the sacrificial layer prior to release. 
Fig. 3. Released structures with lengths 240 Pm (left), 510 Pm (middle) and 540 Pm (right) and indicated deflections. 
4. Conclusion 
Freestanding, monolithic cantilevers were fabricated using molybdenum as a structural layer on top of 
sacrificial aluminum. Keeping the deposition temperature low was necessary to limit the formation of 
cracks in the structures. By varying the pressure during sputtering, stress-induced shaping of the 
cantilevers was controllable to within 30% of the predicted deflections. Longer structures typically 
showed less predictable, but still very uniform behavior. 
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